abstract | Division of labor and task-partitioning, for example the transfer of materials from one worker to another, are key features in the organization of work in insect societies. When material is transferred directly from one individual to another queueing delays frequently occur because individuals must sometimes wait for an appropriate transfer partner. A stochastic simulation model was written to study the e ect of colony size on these delays. Queueing delay decreases roughly exponentially with colony size because stochastic uctuations in the arrival of individuals are lower in larger colonies. These results support empirical studies of Polybia occidentalis and other theoretical studies of honey bee behavior. The e ect of the relative number of individuals in the two sub-task groups was also studied. There is a unique optimal ratio of the number of workers associated with each of the sub-tasks which minimizes mean queueing delay. Deviations from this optimal ratio, for example as a result of forager mortality or changes in nectar productivity which a ect foraging trip duration, increase mean queueing delays greatly and relatively more in larger colonies. 177 words]
Introduction
Insect societies have sophisticated ways of organizing their work. One apparently universal feature of this organization is division of labor, in which individuals consistently perform a sub-set of tasks for relatively long periods of time, typically from a few days to their whole life (Oster and Wilson 1978; Robinson 1992; Seeley 1995; Bourke and Franks 1995) . A division of labor perspective focuses attention on individuals and the tasks they perform over a period of time (Oster and Wilson 1978; Jeanne 1986a) . A second feature of the organization of work is task partitioning (Jeanne 1986a (Jeanne , 1991 . Task partitioning focuses on a particular task and the individuals that perform it. One area of work in which task partitioning is important is the collection of food and building materials, which is frequently partitioned between workers that collect the material and those that use or store it (Jeanne 1986a (Jeanne , 1991 ; reviewed in Anderson and Ratnieks, submitted b) .
Task partitioning and division of labor frequently go together in the organization of work (Jeanne 1986a (Jeanne , 1991 . For example, foragers may collect food which they transfer to receiver workers at the nest (task partitioning), and the foragers and receivers may also be di erent groups of workers (division of labor). An example of this is nectar collection in the honey bee Apis mellifera (Seeley 1995 (Seeley , 1997 .
Honey bee nectar foragers transfer their nectar to receiver bees who then store it in cells (see g. 1; von Frisch 1967; Kirchner and Lindauer 1994; Seeley 1995 Seeley , 1997 . Nectar transfer typically occurs inside the nest near the entrance. Transfer is direct, with the receiver extending her tongue and drinking the nectar regurgitated by the forager. Studies of age-marked bees show that foragers are older bees than receivers and that individual bees rarely perform both foraging and receiving on the same day (Lindauer 1961; Seeley 1995; Winston 1987 ).
Insert Fig 1 ]
Both task partitioning (Jeanne 1986a (Jeanne , 1991 and division of labor (Oster and Wilson 1978; Robinson 1992 ) have many hypothesized and demonstrated advantages to the colony, and hence to the inclusive tness of the individual workers. For example, the specializations implicit in division of labor may enhance the performance of tasks by individuals (Oster and Wilson 1978) . Thus guards and soldiers in some ants and termites are morphologically specialized, often with large mandibles or other defensive structures (H olldobler and Wilson 1990 ). Similarly honey bee workers feeding brood, the nurses, have enlarged glands for secreting brood food (Lindauer 1961; Winston, 1987) . Behavioral specialization may allow individuals to perform their tasks more e ciently as they gain experience. For instance, foraging Bombus terrestris bumblebees become more pro cient as they perform the task (Keasar et al. 1996) . Another advantage of division of labor, termed the demographic advantage (Jeanne 1986a) , occurs when foraging, the most dangerous task (Visscher and Dukas 1997) , is performed last in age-dependent division of labor as is usual (Jeanne 1991; Robinson 1992; Bourke and Franks 1995; Seeley 1995) . In this way the mean lifetime labor per individual is increased. These advantages may be enhanced when division of labor and task partitioning co-occur (Jeanne 1986a, Anderson and Ratnieks, submitted b) . Thus, task partitioning between nectar collection and storage in the honey bee permits greater division of labor, thereby increasing any bene ts due to enhanced individual performance or demographic advantage. However, task partitioning can confer bene ts that are independent of division of labor. In the wasp Polybia occidentalis wood pulp foragers transfer pulp to builders at the nest (Jeanne 1986b) . Because a forager can collect a pulp load much larger than can be handled by a builder, partitioning of foraging and building greatly reduces the number of foraging trips needed per unit of nest construction (Jeanne, R. L. pers. comm.; Jeanne1986b) . Similarly, in the leaf cutter ant Atta sexdens "arboreal cutter" foragers climb trees and clip leaves which they drop to the ground (Fowler and Robinson 1979) . "Cache exploiter" workers locate the dropped leaves, which they cut up and take to the foraging trail from where carriers take them to the nest. In this example task partitioning and indirect transfer between cutters and exploiters reduces the time and energy spent climbing trees (Fowler and Robinson 1979, Anderson and Ratnieks, submitted b) . In both examples task partitioning makes foraging more e cient, and the advantage would occur even if individuals performing the two tasks changed over repeatedly so that division of labor did not occur. However, in A. sexdens cutters are smaller on average indicating that division of labor occurs. Division of labor also occurs in P. occidentalis (Jeanne 1986b; Anderson and Ratnieks, submitted b) .
Although division of labor and task partitioning can have bene ts, there can also be costs. In the case of task partitioning in which two or more individuals handle each load of forage costs include any loss of material and time costs, including the time taken to transfer material and also when transfer is direct, the time taken to meet a transfer partner (Fowler and Robinson 1979; Anderson and Ratnieks, submitted b) . The time cost in the direct transfer of material once a forager and receiver have met will essentially be independent of colony size. However, the time cost in the meeting of a forager and a receiver are expected to be greater in less populous colonies due to proportionately greater stochastic uctuations in the arrival rates of foragers and receivers at the transfer area (Jeanne 1986b) . As we will show in our simulations, these "queueing" delays will occur even if the proportions of foragers and receivers are optimal | meaning that the capacities of these two groups to collect and process material are equal.
Queueing cost may, potentially, act to select against task partitioning in small colony species thereby restricting task partitioning with direct transfer in foraging to species with large colonies, unless the bene ts are high as in P. occidentalis (Jeanne 1986b) . The importance of colony size in task partitioning is further suggested by comparisons among species. Queueing costs are expected to be low in nectar collection in the honey bee, a species with a maximum colony size of 80,000 workers (Ribbands 1953) , although typically only about 25,000 workers, approximately one quarter are engaged in food collection (Seeley 1995) . In contrast to the honey bee, nectar collection and storage are not partitioned in bumble bees (Michener 1977) , Bombus, which have much smaller colonies, typically up to 100-400 workers (Free 1959 ) with a maximum size of 2183 reported (Michener and LaBerge 1954) . A second di erence between bumble bees and honey bees is that honey bee colonies are founded by swarms of at least several thousand workers plus a queen (Fell et al. 1977 ) whereas bumble bee colonies are founded by a single queen (Wilson 1971) . Thus, honey bee colonies never pass through a small population stage. A similar contrast between swarm-founded versus single-queen-founded nest species occurs in pulp foraging in the wasps. Vespula wasps' nests are founded by single queens whereas P. occidentalis nests are founded by swarms of 69-350 females (Forsyth 1981) . In Vespula wood pulp is not transferred to builders (Jeanne 1991) , as occurs in P. occidentalis, even though the maximum colony size reported for annual Vespula nests is 5207 individuals for V. vulgaris (Crawshay 1905 cited in Wilson 1971 . A further indication of the role of colony size in task partitioning is given by nectar collection in Vespula, which becomes partitioned between foragers and receivers in larger colonies (Akre et al. 1976; Jeanne 1991) . Despite the importance of task partitioning in the organization of work in insect societies, and the probable importance of colony size on colony ergonomic e ciency when task partitioning occurs, the relationship between queueing delay and colony size has not been studied quantitatively. The primary aim of this study is to determine the e ect of colony size, speci cally number of foragers plus receivers, on the amount of time lost due to queueing delays in direct transfer from foragers to receivers. We also investigate the e ects of the relative work capacities of foragers and receivers on the delays, which is relevant to conditions under which relative proportions of foragers and receievers is sub-optimal. We investigate this using a computer simulation. Insert Fig 3 ] 2 The Simulation Model 2.1 Introduction A stochastic simulation program was written in`C' to implement a model of task partitioning ( g. 2) and its associated algorithm ( g. 3) using a continuous time, event-based queueing paradigm. The primary role of the simulation was to investigate the relationship between colony size and mean queueing delay (time taken to nd a transfer partner) at the transfer area. The simulation was also used to investigate the dynamics of the system, and the e ects of the various parameters and variables such as the relative proportions of foragers and receivers, and the distributions of foraging, receiving, and transfer durations.
Insert Fig 2 ]
The simulation is general for any situation in which direct transfer between two groups occurs, such as nectar collection and storage in the honey bee which is frequently used as an illustrative example in this study. For terminological simplicity we refer to collectors throughout as "foragers", to users as "receivers" and to colony size as the combined number of foragers and receivers. "Foraging cycle" refers only to the rst sub-task, i.e. the collection and transfer of the nectar to receivers and does not include storage (see gure 2), and "receiving cycle", the second sub-task, namely the receiving of the material during transfer and its utilization or storage. Terminology and notation are listed in Appendix A.
Simulation assumptions

General
(1) A worker is either a forager or a receiver. That is, we only consider those workers involved in the foraging and receiving cycles, and not other tasks such as nursing.
(2) All foragers and receivers are assumed to be equal. That is, there is no consistent inter-individual variation except that occurring through the random sampling of foraging and receiving durations from their distributions. to pair with the next available receiver. If receivers are queueing, one of these receivers is chosen at random to pair with the next available forager. This is the more biologically reasonable of the two disciplines for nectar foraging in the honey bee and is virtually identical to Seeley and Tovey's (1994) "urn model". Foragers
(1) All foraging trips are successful, i.e. a forager always returns with a full load of nectar.
(2) A forager collects one unit of nectar and transfers it all to a single receiver.
(3) The durations of all foraging trips comes from a distribution f( ) with mean f and variance 2 f .
Receivers
(1) All receiving trips are successful, i.e. there are su cient empty cells in which to store the nectar.
(2) A receiver receives one unit of nectar from a forager before leaving the transfer area.
(2) The duration of all receiving trips comes from a distribution r( ) with mean r and variance 2 r .
Nectar transfer
(1) All transfer durations come from a distribution t( ) with mean t and variance 2 t . In this time, one unit, i.e. a full load, of nectar is transferred to the receiver.
(2) Individuals arriving at the transfer area start transferring nectar immediately if there is a suitable transfer partner available otherwise they start queueing. There is no "search" delay. Table 1 was used as the`standard' parameter set for the simulations. The values were not chosen to model any speci c species although they are not unreasonable for the honey bee except that the receiving and foraging trip durations are equal. Foraging durations are generally more than ten times transfer duration (C. Anderson, unpublished data; 16-46x, Seeley, 1989) . However, there appear to be no published data on mean receiving trip durations. The time units are general, meaning that the relevance of the results depends not on the actual durations of the parts of the cycle but on the ratios of the parts. The simulations are run over a wide range of colony sizes and thus can be considered to explore a broad range of species. Lastly, it is shown that the actual distribution types of f( ), r( ) and t( ) are irrelevant (See Appendix B) with only the mean and variance of the distributions being important.
At the start of each simulation all workers are in the nest, then foraging begins and the system is allowed to settle to equilibrium (at least 30000 iterations) before data are collected.
Insert table 1 ] 3 Results
Our basic result is the mean queueing delay for individuals within each of the two task groups as they queue to pair up with a member of the opposite group. It can be shown analytically (see Appendix C) that minimizing the mean queueing delay for all the individuals is equivalent to maximizing the colony's nectar processing rate, a measure that is of probable selective importance in social insects (Oster and Wilson 1978 3.1 E ect of colony size on mean queueing delay Figure 4 shows the e ect of colony size (number of foragers) on the mean queueing delay of workers returning to the transfer area when the number of receivers and foragers are equal, for two levels of variance in foraging and receiving trip duration. This delay is equal for both foragers and receivers because of symmetry and because the colony is at optimal conditions. In both cases, there is a roughly exponential decrease in queueing delay as colony size increases (although not immediately obvious to the eye because of the logarithmic x-axis). At small colony sizes there is a considerable di erence between the delays for the two levels of variance but this decreases with colony size. In other words the e ciency gain through increased colony size is most important for smaller colonies and for colonies with more variable foraging and receiving trip durations. The intercepts were calculated analytically (Appendix C). For example, for the standard parameter set, the mean queueing delay for a colony of size 10 is 12 time units, in a mean foraging time of 500, which represents 12/500=2.4% ine ciency. For a colony of size 1000, the ine ciency is only 0.4%. When variance increases to 6500, which has a coe cient of variation (s.d./mean) of 0.16, comparable to empirical data (see Table 3 of Seeley 1989), the mean queueing delay for the small colony is 37 time units (7.4%) but only 4.5 units (0.9%) for the largest colony (1000 workers), an eight-fold di erence.
In the deterministic case both forager and receiver variances are zero and the queueing delay is also zero irrespective of colony size. This is because foragers and receivers are perfectly synchronized, with the forager and receiver arriving at the transfer area simultaneously because their trips are of equal duration.
Insert g. 6 ] 3.2 Queue dynamics Figure 6 shows the dynamics of the system at colony sizes of 10, 100, and 1000 under optimal conditions (p = 0:5, f = r ). At all three colony sizes few workers are queueing at any one time, though the numbers queueing, transferring, foraging, or storing uctuate. At a colony size of 1000, 87-94% of the foragers or receivers are actually foraging or receiving, 6-12% are transferring, and a maximum of 2.6% are queueing. The number queueing varies from 0 to 14. In smaller colonies the number of foragers or receivers queueing decreases, but the proportion increases to a maximum of 8% and 20% in colonies of 100 and 10 respectively. These results complement the results shown in gure 4 and show in more detail why smaller colonies have a greater mean queueing delay. At a colony size of 10, for example, there is never more than one worker queueing, but a queue of one represents 10% of all workers.
As expected, given that the simulation was run at the optimal proportion of foragers to receivers, both foragers and receivers can be limiting. That is, a forager queue builds up and is then cleared by incoming receivers, after which there may be a period with no queue until another queue, which with equal probability may be of foragers or receivers, forms. This general pattern occurs at all colony sizes but the rate varies with colony size. In the larger colonies queues form and get cleared dozens of times per 1000 time units. This drops to 10-20 and then to only a few times per 1000 time units in colonies of 100 and 10. Insert g. 7] 3.3 Proportion of foragers, p Figure 7 shows the e ect of variation in the proportion of foragers on mean queueing delay. Since the mean foraging and receiving trip durations were equal the two lines cross at p = 0:5, which is p . At p the queueing delay averaged over all workers is minimized. Even small deviations from p cause large penalties via increased queueing delays. However even with a coe cient of variation of 0.044 (the situation in g. 7) the queueing delays are very close to the deterministic case. If the system is deterministic, queueing delays are independent of colony size (See Appendix C), but, in general, queueing delays do depend of N f and N r . From other simulation results (not shown) the variance of the three distributions also has an e ect but only close to p , because the stronger e ect of non-optimal p swamps variance e ects away from the vicinity of p .
Insert g. 8 ]
3.4 Mean duration of foraging and receiving trips Figure 8 shows the change in queueing delay as the mean foraging duration varies, for example if nectar becomes more or less di cult to collect (Lindauer 1961; Seeley 1995) , but with the mean receiving duration constant at 500.
In a deterministic case, that is, when foraging and receiving durations are constants, pairs of individuals can synchronize their activities and arrive at the transfer area simultaneously if the durations are equal. In this situation, there would be no queueing. However, when the foraging and receiving durations di er, the group with the longer duration never waits and that with the shorter duration always waits, with a delay equal to the di erence between the durations. The expected delays for the deterministic case are shown in gure 8 as the dashed (foragers) and solid (receivers) lines.
When, variance in foraging and receiving durations are introduced, workers are no longer able to synchronize their activities. However, in a colony of 1000 (or more) the results are fairly close to the deterministic case as shown in gure 8c. This is due to the large number of individuals in the system, which leads to a small inter-arrival time of transfer partners.
When foraging and receiving durations are equal, delays arise due to stochastic variation in the arrival of individuals, and both foragers and receivers can be limiting with equal probability (see previous sectioǹ queue dynamics') resulting in queues. However, as the mean foraging duration increases, the probability of foragers experiencing a delay decreases from 0.5 to 0 at some higher mean duration (510 time units for a colony of size 1000). Above this value, foragers never wait, and receivers always wait with a mean delay equal to the di erence in mean trip durations as in the deterministic case. However, the actual delay experienced is still subject to some uctuation. (By symmetry, a similar situation exists for receivers when mean foraging duration decreases below 500.)
Smaller colonies are a ected relatively more by the stochastic variation in the arrival of foragers and receivers leading to larger mean queueing delays at optimal conditions ( g. 4). Also, the probability of foragers not queueing upon arrival at the transfer area decreases more slowly as the mean foraging duration increases and so the foraging duration at which the deterministic case is approximated increases.
Interestingly, the penalty in terms of increased queueing delay increases with colony size. Considering only foraging durations of 500 and above, gure 8 shows the gradient of the combined queueing delays steepening with colony size towards the deterministic case. Thus, an increase in foraging duration causes a larger absolute increase in the combined queueing delay at larger colony sizes. For example, at a mean foraging duration of 510 the absolute increases in mean queueing delay of all workers from that at 500 for the three colonies are 0.7 (10), 1.26 (100) and 3.0 (1000) time units. This reason is that individuals arrive at the transfer area at a faster rate in larger colonies. So, any di erence in work capacities of the two groups leads to a faster build up of work, i.e. individuals queueing, in larger colonies. This means that smaller colonies have less to lose by being sub-optimally organized are they are already relatively more disadvantaged by the stochastic variation in arrival rate.
Discussion
The main result of this study is to show the relationship between colony size and the amount of time spent queueing in the transfer area when task partitioning with direct transfer occurs. For the conditions of our simulation model (relative proportions of foragers and receivers optimal, mean durations of foraging and storage trips are equal, one receiver exactly unloads one forager) the percentage of time wasted drops from 2.3 to 1.25 to 0.42 to 0.15 as colony size (foragers + receivers) increases from 10 to 100 to 1000 to 10000. The cause of this relationship is the relatively greater importance of random variation in the arrival rates of receivers and foragers at the transfer area in small colonies than in large colonies.
This result is essentially independent of the distributions of the foraging and receiving trip durations, but is a ected by the variance. Higher variance leads to greater variation in the arrival rates at the transfer area causing a greater proportion of available time to be wasted. Importantly, the result is independent of the queueing discipline, whether First Come First Served or Serve In Random Order, although it does have an e ect on the information quality of queueing delays (Ratnieks and Anderson, submitted b) . This is because in our simulation each individual forager or receiver is identical. As a result, identities of the workers that are queueing have no e ect on the total amount of time wasted or on the collecting e ciency of the colony, which depends only on the number queueing and their queueing delays.
Our results provide insight into the likely e ects of colony size on the queueing cost of direct transfer in task partitioning. In the honey bee, a colony will have thousands of workers collecting and receiving nectar. Colonies are at their smallest in early spring and after swarming, but even then have at least several thousand workers. Given an average colony size of around 25,000 honey bees (Seeley 1995) , colonies probably have from 1000 to more than 10,000 workers engaged in collecting and storing nectar.
One thousand is a size at which the amount of time wasted queueing is low ( g. 4) and ten thousand results in negligible time wasted 0.15%. These results apply to our simulation which is in some respect a simpli cation of the actual process of pairing up in the transfer area. In the simulation there is no delay if there is a partner available. In nature, unless the transfer area is small workers may need to actively search for a transfer partner, even if a partner is available. In Polybia occidentalis the transfer area is relatively small and has few other wasps in it ( Jeanne, R. L., pers. comm.) conforming to the simulation model. In the honey bee the transfer area is relatively large in area (Seeley 1995) and contains other bees, so that receivers and foragers need to search for a partner, usually antennating several other bees before a partner is found (Seeley 1995 , Winston 1987 . Thus, in the honey bee there is an additional search delay which will add to the time cost of task partitioning. This search delay was not modelled because there was no way of doing this in a realistic way and search delay is unlikely to be a function of colony size.
At the other extreme in population size are the P. occidentalis colonies studied by Jeanne (1986 Jeanne ( , 1996b . In larger colonies (>350 workers) the mean delay experienced by wood pulp foragers in nding a receiver (builder) and in transferring the pulp was considerably less, 6.7s, than in small colonies (<50 workers), 16.1s. Jeanne (1986 Jeanne ( , 1996 attributes this di erence to the damping e ect of large colony size on the variation in arrival times of foragers and builders at the transfer area. Our results con rm this idea in general terms, and also show that the observed queueing delay di erence between large and small colonies is of approximately the correct magnitude given their populations ( g. 4). An exact comparison of Jeanne's empirical data with the results of our model is not possible. This is because data such as the actual numbers of foragers and builders are not reported by Jeanne, and because the queue duration he measured was the sum of the queueing delay plus the unloading time. Some other qualitative comparisons can be made, however. Jeanne (1996b) reports that experimentally supplementing the supply of pulp to the nest construction workers increased the queueing delays of pulp foragers who responded by decreasing their rate of foraging, as would be predicted from our model. However, this decrease could come about by reducing the mean foraging duration or decreasing the number of workers involved in pulp foraging.
An increase in available pulp is e ectively equivalent to an increase in the proportion of pulp foragers within the colony or an increase in trip duration. The response which would return the colony to optimal proportions of foragers and receivers would be a reduction in the number of foragers or a decrease in mean foraging trip duration, or both.
Other di erences between our model and the situation in P. occidentalis are that one forager collects su cient pulp for several builders, and that water to use in building is collected by a third group of workers. Nevertheless, there is no reason why our simulation model could not be modi ed for the P. occidentalis situation and the necessary empirical data collected, to compare the simulation predictions with the delays that actually occur. The size range of P. occidentalis colonies is ideal for such a study because it covers the range of colony sizes across which changes in queueing delay are greatest ( g. 4). Jeanne (1986b) noted than in his smallest study colonies there were just a few pulp foragers. The smallest colony he studied had just eight workers and the largest 598. Another study, (Jeanne 1996a) reports colony sizes of 24 to 1562. Jeanne (1986b) suggests that the major advantage of task partitioning in P. occidentalis is that the overall building e ciency is enhanced, because both foragers and builders can collect or build with optimal-sized pulp loads. This di erence in optimal load size will not operate, or do so only very weakly, for nectar transfer in the honey bee. Interestingly, in P. occidentalis pulp foragers in small colonies frequently transfer only part of their load to builders and build with part of it themselves (Jeanne 1986b ).
This suggests that the queueing cost is considerable in these small colonies, in agreement with the results of our simulation and Jeanne's empirical data (Jeanne 1986b ).
Task partitioning in foraging provides an attractive avenue for further research on the ergonomics of insect societies. Ergonomic studies have traditionally focused on caste and division of labour (Oster and Wilson 1978) , which has generated important basic ideas, such as the existence of optimal caste ratios, that have proved hard to test empirically (Wilson 1980a (Wilson ,b, 1983a . Task partitioning in foraging o ers numerous model systems, including honey bees, Polybia and Vespula wasps, Atta and Lasius ants (reviewed in Anderson and Ratnieks, submitted b) suitable for experimental study and hypothesis testing.
Importantly, the basic results of this study showing the e ect of colony size on queueing delay are testable.
Similarly, comparative studies may con rm a trend we hint at above, that large colony or swarm founding species are more likely to have task partitioning in foraging. Finally, task partitioning has e ects on colony life that go beyond the total amount of time wasted in queueing delays. The duration of the queueing delays experienced by individuals can provide information for use in recruitment of additional foragers or receivers in response to changing conditions (Seeley 1995) . This topic, the information content of queueing delays, is the subject of a second paper on task partitioning using this simulation model (Ratnieks and Anderson, submitted a). The sensitivity of the model to the e ects of a variety of f( ); r( ) and t( ) distributions was tested. A number of simulations were run with di erent distributions for f( ); r( ) and t( ), but with each distribution having the same mean and variance. This involves some translation and scaling of the distributions (see below). The mean and variance of the queueing delays for foragers and receivers were compared. It was found that that the particular distribution type had no e ect on the mean queueing delay or mean inter-arrival time which only depended on the mean of the distribution and to a lesser extent its variance.
That is, mean and variance are the two factors which are of greatest importance in a ecting the rate of arrival of the workers to the transfer area and the formation and clearance of queues.
The ve distributions used, each with mean and variance , were 
So, for gure 4, from equations (3) and (5) 
Optimal proportion of foragers, p
At the optimal proportion of foragers, p , the arrival rates of the foragers and receivers will be matched, minimizing queueing delays. Thus, number of foragers mean duration of a forage cycle = number of receivers mean duration of a storage cycle (6) In the deterministic case, i.e. 
